The mammalian Ste20-like Nck-interacting kinase (NIK) and its orthologs Misshapen in Drosophila and Mig-15 in Caenorhabditis elegans have a conserved function in regulating cell morphology, although through poorly understood mechanisms. We report two previously unrecognized actions of NIK: regulation of lamellipodium formation by growth factors and phosphorylation of the ERM proteins ezrin, radixin, and moesin. ERM proteins regulate cell morphology and plasma membrane dynamics by reversibly anchoring actin filaments to integral plasma membrane proteins. In vitro assays show that NIK interacts directly with ERM proteins, binding their N termini and phosphorylating a conserved C-terminal threonine. In cells, NIK and phosphorylated ERM proteins localize at the distal margins of lamellipodia, and NIK activity is necessary for phosphorylation of ERM proteins induced by EGF and PDGF, but not by thrombin. Lamellipodium extension in response to growth factors is inhibited in cells expressing a kinase-inactive NIK, suppressed for NIK expression with siRNA oligonucleotides, or expressing ezrin T567A that cannot be phosphorylated. These data suggest that direct phosphorylation of ERM proteins by NIK constitutes a signaling mechanism controlling growth factor-induced membrane protrusion and cell morphology.
T
he Nck-interacting kinase (NIK) is a member of the germinal center kinase subfamily of Ste20͞MAP4K serine͞threonine kinases (1) . Closely related to NIK are the mammalian kinases TNIK (2), MINK (3) , and NRK͞NESK (4) and orthologs Misshapen (Msn) in Drosophila (5) and MIG-15 in Caenorhabditis elegans (6) . NIK and its orthologs share a common function in regulating cell shape and migration. In mice, homozygous knockout of NIK results in early embryonic lethality with defects in mesoderm migration (7) , and expression of kinase-inactive NIK attenuates epithelial cell invasion (8) . Msn functions in determining epithelial polarity, dorsal closure. and neuronal targeting (5, 9, 10) , and MIG-15 controls axonal navigation (6) . NIK (1) and Msn (5) also share a conserved activation of the JNK pathway. NIK, however, does not directly phosphorylate JNK, nor do NIK nullizygous embryos precisely phenocopy mice lacking JNK1 or JNK2 (7) . Additionally, activation of JNK is not associated with dynamic changes in cell morphology. Hence, NIK substrates that control cell morphogenesis have not been identified.
We now report that the ERM proteins ezrin, radixin, and moesin are substrates for NIK. ERM proteins regulate cell morphology by cross-linking actin filaments to the plasma membrane. The N-terminal FERM (4.1 ERM) domain of ERM proteins binds to integral plasma membrane proteins and the C terminus binds F-actin (11) . ERM proteins control cell shape primarily by regulating membrane protrusions and cell-substrate adhesion. In epithelial cells ERM proteins are necessary for the formation of apical microvilli (12) (13) (14) . In fibroblasts ERM proteins regulate the assembly of focal adhesions (15) and dynamic membrane protrusions, including filopodia and lamellipodia (16, 17) .
Inactive ERM proteins are retained in the cytosol in a closed conformation by an intramolecular association of N-and Cterminal domains, which masks a C-terminal F-actin binding site. ERM proteins are coincidence detectors, with activation and release of the N-and C-terminal interaction requiring two sequential regulatory events: binding of phosphatidylinositol 4,5-bisphosphate to the N terminus and phosphorylation of a C-terminal threonine residue (18) , conserved in ezrin (T567), radixin (T564), and moesin (T558). Phosphorylation of ERM proteins at specific membrane domains may be regulated by different kinases. ERM proteins are phosphorylated by myotonic dystrophy kinase-related Cdc42-binding kinase in filopodia (19) , protein kinase C␣ in membrane protrusions (20) , and the Rho-associated kinase (ROCK) in microvilli (21) , although this latter finding is controversial (22) . Kinases mediating phosphorylation of ERM proteins by growth factors to regulate lamellipodium formation, however, have not been identified.
We found that NIK directly phosphorylates the conserved C-terminal threonine in ERM proteins, and that NIK activity and phosphorylation of ezrin T567 are necessary for lamellipodium extension induced by growth factors. NIK binds ERM proteins, localizes with phosphorylated ERM (pERM) proteins at the distal margins of lamellipodia, and is necessary for increased phosphorylation of ERM proteins in response to growth factors. These data suggest that NIK activity and its direct phosphorylation of ERM proteins control growth factorinduced changes in cell morphology.
Results

NIK Activity Is Necessary for Lamellipodium Extension by EGF.
Because NIK acts downstream of receptor tyrosine kinases (23, 24) , we asked whether its kinase activity regulates dynamic changes in cell morphology in response to growth factors. In rat mammary epithelial MTLn3 cells, which extend broad lamellipodia with addition of EGF (25) , NIK activity was necessary for increased membrane protrusion by EGF. In MTLn3 cells infected with control adenovirus (Ad) vector, EGF (25 nM) rapidly induced lamellipodia extending around the cell body ( Fig. 1A Top and see Movie 1, which is published as supporting information on the PNAS web site). The area of lamellipodium protrusion with EGF increased significantly by 2 min (P Ͻ 0.1; n ϭ 6), reaching a maximum Ϸ3-fold increase at 10 min (Fig. 1B) .
Delayed cell spreading after 5 min resulted in a modest (Ͻ15%) but reproducible increase in the size of the cell body. In cells infected with Ad containing WT NIK (Ad-NIK) lamellipodium extension with EGF was more rapid than in control cells, with a significant increase in area at 1 min (P Ͻ 0.1; n ϭ 6) and a maximum Ϸ3-fold increase at 5 min ( Fig. 1 A Middle and B; see Movie 2, which is published as supporting information on the PNAS web site). Cell spreading occurred after 5 min, resulting in Ϸ25% increase in the size of the cell body. Cells infected with Ad containing a kinase-inactive NIK-D152N (Ad-NIK-D152N) were more spread than Ad and Ad-NIK cells ( Fig. 1 A Bottom) in the absence of EGF, consistent with previous findings that expression of kinase-inactive NIK (8) and the related MINK␤ (3) increases cell adhesion and spreading. These cells had constitutive small lamellipodia and ruffles in the absence of EGF but lamellipodium area did not increase with EGF ( Fig. 1 A Bottom and B; see Movie 3, which is published as supporting information on the PNAS web site). Kymograph analysis of time-lapse videos ( Fig. 1C) indicated that with EGF lamellipodium extension was maximum in Ad cells at 5-6 min and in Ad-NIK cells at 3-4 min. Kymograph analysis also confirmed that in Ad-NIK-D152N cells there was constitutive membrane ruffling but no increase in lamellipodium area with EGF.
Attenuated lamellipodium extension also was seen with suppression of endogenous NIK by transfecting MTLn3 cells with siRNA oligonucleotides. NIK expression in cell lysates decreased Ϸ70% at 72 h after transfection with NIK siRNA oligonucleotides compared with untransfected cells (control) or transfection with low GC content oligonucleotides (see Fig. 7A , which is published as supporting information on the PNAS web site). The percent suppression reflected transfection efficiency, as determined by cotransfection with siGLO RNA-induced silencing complex-free siRNA. Time-lapse images of cells positive for siGLO fluorescence indicated that cells transfected with low GC content oligonucleotides, but not with NIK siRNA oligonucleotides, extended broad lamellipodia in response to EGF (see Fig.  7 B and C). Differences in the area of quiescent and stimulated lamellipodia compared with Ad-infected cells at 24 h likely reflect the 72-h cultures used with oligonuleotide transfection. Unlike cells expressing NIK-D152N, however, cells with suppressed NIK expression were not more spread compared with control cells. Hence, the C-terminal regulatory domain of NIK may affect cell-substrate adhesion independent of the Nterminal kinase domain.
NIK Directly Phosphorylates ERM Proteins. In considering NIK substrates that might regulate membrane protrusion, we tested ERM proteins because the Drosophila Ste20-like kinase Slik phosphorylates Drosophila moesin to maintain epithelial morphology (26) . In vitro kinase assays showed that WT NIK tagged with a Myc epitope expressed in COS-7 cells and immunoprecipitated phosphorylated a GST fusion of the C terminus of moesin (M287-577) but not the N terminus (M1-310) or GST ( Fig. 2A) . M287-577 was not phosphorylated by kinase-inactive NIK-D152N-Myc expressed and immunoprecipitated from COS-7 cells (Fig. 2 A) . Additionally, NIK, but not NIK-D152N, phosphorylated GST fusions of the C terminus of radixin (R373-585) and ezrin (E280-586) (Fig. 2B) . As a positive control we confirmed that NIK phosphorylated a GST fusion of the C terminus of the Na-H exchanger NHE1, as described (24) (Fig.  2B ). Mass spectrometry of moesin M287-577 phosphorylated by NIK revealed a single monophosphorylated peptide (pTLR-QIRQGNTK, residues 558-568) with a phosphorylation peak at T558 (data not shown). In vitro kinase assays confirmed that NIK expressed and immunoprecipitated from COS-7 cells phosphorylated full-length moesin WT but not containing an Asp substitution for T558 (M-T558D) (Fig. 2C ). Substitution with Asp was used to mimic phosphorylation and induce an open conformation. Direct phosphorylation of moesin T558 was confirmed by using the NIK domain (22-374) purified from Sf9 cells, which phosphorylated a GST fusion of moesin WT C terminus (M414-577) and a C terminus containing an Ala substitution for T567 (M-T567A), but not containing an Ala substitution for T558 (M-T558A) (Fig. 2D ). Purified NIK domain also phosphorylated ezrin T567, as determined by using an in vitro-translated C terminus of ezrin (E280-586) as a substrate and immunoblotting with phospho-specific antibodies for the C-terminal phosphorylated threonine conserved in all three ERM proteins (Fig. 2E ). These data indicate that NIK directly phosphorylates the C terminus of all three ERM proteins and selectively phosphorylates moesin T558 and ezrin T567, which is a phosphorylation site conserved in radixin.
NIK Activity Is Necessary for Phosphorylation of ERM Proteins by EGF
in Epithelial Cells. The abundance of pERM proteins increased in MTLn3 cells infected with Ad-NIK compared with cells infected with Ad or kinase-inactive NIK-D152N (Fig. 3A Upper) . Ad-NIK and Ad-NIK-D152N had no effect on the expression of ezrin (Fig. 3A Lower) or moesin (data not shown) compared with control Ad. In Ad-infected cells the abundance of pERM proteins increased with EGF, reaching a maximum at 5 min (Fig.  3B ). In cells expressing Ad-NIK-D152N the abundance of pERM proteins was similar to that in control Ad cells in the absence of EGF but did not increase with EGF (Fig. 3B) . The EGF-induced increase in pERM proteins also was attenuated in cells transfected with NIK siRNA oligonucleotides compared with cells transfected with control siRNA (see Fig. 8 , which is published as supporting information on the PNAS web site). Although suppression of endogenous NIK had no effect on the abundance of total ERM proteins (data not shown), the abundance of pERM proteins in quiescent cells was reduced compared with cells expressing kinase-inactive NIK. This difference might reflect the longer time with NIK siRNA (72 h) compared with Ad-NIK-D152N (24 h), or perhaps the regulatory domain of NIK is necessary to maintain the steady-state phosphorylation of ERM proteins. Immunolabeling indicated an increase in pERM proteins predominantly in membrane protrusions of Ad cells (Fig. 3C) . In cells infected with Ad-NIK-D152N, immunolabeling of pERM proteins was markedly less at 5 min with EGF compared with Ad cells and was more uniformly distributed along the cell membrane (Fig. 3C) . Immunolabeling MTLn3 cells expressing NIK-Myc or NIK-D152N-Myc with anti-Myc antibodies and maintained in growth medium indicated diffuse cytosolic fluorescence and a sharp band of label at the distal margins of membrane protrusions (Fig. 3D) . Membrane protrusions were markedly longer and broader in cells expressing NIK-Myc compared with those expressing NIK-D152N-Myc. Hence, kinase activity of NIK is not necessary for its localization at the plasma membrane but is necessary for EGF-induced increase in pERM proteins and lamellipodium extension.
Phosphorylation of Ezrin T567 Is Necessary for EGF-Induced Membrane
Protrusion. C-terminal phosphorylation of ERM proteins is necessary for their function in regulating dynamic membrane structures. We therefore asked whether phosphorylation of T567 in ezrin is necessary for EGF-induced membrane protrusion by expressing a mutant ezrin T567A in MTLn3 cells. Cotransfection with GFP was used to mark transfected cells. In cells expressing GFP alone, lamellipodium area increased with EGF (Fig. 4 A Top and B; see Movie 4, which is published as supporting information on the PNAS web site). Compared with Ad-infected cells (Fig. 1 ), cells expressing GFP had a more flattened morphology, 2-fold greater lamellipodium area in the absence of EGF, and a smaller fold-increase after 10 min with EGF (Ϸ1.7 with GFP and Ϸ3.0 with Ad). The reduced robustness of the response in GFP-positive cells compared with Ad infection might be caused by the effects of nucleofectin on membrane fluidity or membrane dynamics because the increase in lamellipodium area in untransfected MTLn3 cells treated with EGF was similar to that of Ad cells (data not shown). In MTLn3 cells transiently expressing WT ezrin, the morphology was similar to that of cells expressing GFP alone, but lamellipodium area was greater in the absence and presence of EGF (Fig. 4 A Middle and B; see Movie 5, which is published as supporting information on the PNAS web site). Cells expressing ezrin T567A (Fig. 4A Bottom, white lines) were flatter and more spread, like cells expressing NIK-D152N ( Fig. 1 A Bottom) , but unlike Ad-NIK-D152N cells, they did not have increased lamellipodium area in the absence of EGF. Adjacent untransfected cells (Fig. 4A Bottom, red lines) also were more spread compared with cells transfected with GFP or WT ezrin, perhaps because ezrin T567A induced changes in cell-cell adhesion. In cells expressing ezrin T567A the increase in lamellipodium area with EGF was delayed and attenuated (Fig. 4 A Bottom and B; see Movie 6, which is published as supporting information on the PNAS web site). These data indicate that inactive ezrin, like inactive NIK, inhibits EGF-induced lamellipodia.
NIK Activity Is Necessary for Phosphorylation of ERM Proteins by PDGF but Not Thrombin in Fibroblasts.
Previous studies found that growth factors induce Tyr phosphorylation of ezrin (27, 28) , and thrombin induces phosphorylation of the C-terminal conserved threonine in ERM proteins (29) we identified as a NIK phosphorylation site. To further confirm the action and specificity of NIK activity we examined the kinetics of phosphorylation of the conserved threonine in ERM proteins in CCL39 fibroblasts, which express receptors for PDGF and thrombin (24) . PDGF induced a rapid increase in the abundance of pERM proteins in CCL39 cells infected with control Ad (Fig. 5A) . In contrast to the sustained increase in pERM proteins in MTLn3 cells with EGF at 10 min (Fig. 3B) , the response in CCL39 cells was more transient, returning to unstimulated levels at 5 min. The abundance of pERM proteins in quiescent cells expressing Ad-NIK-D152N was similar to that in Ad controls but did not increase with PDGF (Fig. 5A) . Thrombin also increased phosphorylation of the C-terminal conserved threonine of ERM proteins in CCL39 cells infected with control Ad that was sustained at 5 min, and this increase was not attenuated in cells infected with Ad-NIK-D152N (Fig. 5B) . NIK activity also was not necessary for activation of ERK by PDGF. The abundance of phosphorylated ERK, as indicated by immunoblotting cell lysates with phospho-specific antibodies for Thr-202͞Tyr-204 of ERK1 and ERK2, was similar in quiescent and PDGF-stimulated Ad and Ad-NIK-D152N cells (Fig. 5C ). These data indicate that NIK activity is necessary for increased phosphorylation of ERM proteins by growth factors (EGF and PDGF) but not by thrombin and suggest that NIK mediates the PDGF response by either acting downstream or independently of an ERK-mediated pathway.
NIK Binds the N Terminus of Moesin.
The localization of NIK and pERM proteins at the distal margins of lamellipodia and the ability of NIK to phosphorylate full-length moesin in vitro (Fig.  2C) , which is predicted to be in closed conformation, suggest that NIK might bind ERM proteins. An in vitro binding assay confirmed that in vitro-translated 35 S-labeled NIK bound a GST fusion of the N terminus of moesin (M1-310) but not the C terminus (M287-577) or GST (Fig. 6A) . NIK also bound the N terminus of ezrin (data not shown), and although less strongly, full-length moesin WT and T558D (Fig. 6B) . To determine the moesin-binding site in NIK, we incubated GST-M1-310 with in vitro-translated NIK containing truncations in the C-terminal regulatory domain. Binding equivalent to that with full-length NIK was found for truncated NIK containing residues 1-321. However, NIK (residues 1-288), which contains only the kinase domain, did not bind GST-M1-310 (Fig. 6C) . These data indicate that the N-terminal 33 aa of the regulatory domain of NIK are necessary for binding ERM proteins.
Transient expression of NIK1-340 in CCL39 fibroblasts was sufficient to increase phosphorylation of ERM proteins at the plasma membrane (Fig. 6D) . NIK1-340 does not contain binding sites for Nck (proline-rich motifs between residues 392 and 618) and MEKK1 (amino acids 908-1233), which suggests that NIK binding to Nck or MEKK1 is not necessary for NIK recruitment to the plasma membrane to phosphorylate ERM proteins. Because the attachment of cells expressing only the kinase domain of NIK (residues 1-288) was markedly impaired, we were unable to determine whether the moesin-binding domain was necessary to increase phosphorylation of ERM proteins in cells. We also confirmed that NIK associates with endogenous ezrin. However, ezrin coprecipitated with transiently expressed NIK-D152N (Fig. 6E) but not with WT NIK (data not shown), suggesting that ERM proteins may be allosterically regulated by NIK-induced phosphorylation.
Discussion
NIK and ERM proteins have been shown independently to regulate cell morphology, but their functional interaction in controlling plasma membrane dynamics was not previously recognized. We found that ERM proteins are substrates for NIK, NIK and pERM proteins localize at the distal margins of lamellipodia, and NIK activity is necessary for phosphorylation of ERM proteins in response to EGF and PDGF. Additionally, NIK activity and phosphorylation of ezrin T567 are necessary for increased lamellipodium extension by growth factors. Collectively, these data suggest that phosphorylation of ERM proteins by NIK may constitute a signaling mechanism controlling growth factor-induced membrane protrusion and cell morphology.
Substrates for NIK and its orthologs in pathways regulating cell morphology remain poorly understood. NIK and its Drosophila ortholog Msn increase phosphorylation of JNK (1) and BSK (30), respectively. Phosphorylation of JNK by NIK, however, is not direct but mediated through NIK binding to a scaffolding complex with MEKK1. Msn also increases phosphorylation of Bicaudal-D (31) to regulate epithelial planar polarity (9); however, whether Bicaudal-D is directly phosphorylated by Msn is unknown. Moesin, the single ERM protein in Drosophila, also is necessary to maintain epithelial integrity (32) , and it will be interesting to determine whether Dmoesin is a substrate for Msn. HGK, the human homolog of NIK, acts downstream of receptors for hepatocyte growth factor to increase phosphorylation of STAT3 (8) . Although STAT3 coprecipitates with HGK, its direct phosphorylation is undetermined. In mammalian fibroblasts NIK binds to the Na-H exchanger NHE1 and directly phosphorylates NHE1 to increase H ϩ efflux in response to PDGF (24) . ERM proteins also bind to NHE1 (33) , and by anchoring actin filaments ERM proteins maintain the localization of NHE1 at the leading edge of migrating fibroblasts. Because a leading-edge H ϩ efflux by NHE1 is necessary for membrane protrusion and directed migration (34) , the possibility of a structural and functional link between NIK, ERM proteins, and NHE1 in promoting membrane protrusion is intriguing.
Activation of ERM proteins requires two sequential steps (18) . First, N-terminal binding to phosphatidylinositol 4,5-bisphosphate recruits ERM proteins from the cytosol to the plasma membrane and permits N-terminal binding to transmembrane proteins. ERM proteins can be retained at the plasma membrane but not bound to F-actin (33) . A second activation step, C-terminal phosphorylation, is necessary for F-actin binding. The required second activation step of phosphoryation may restrict actin tethering by ERM proteins to specialized membrane domains, such as protruding membranes. Although several kinases, including myotonic dystrophy kinase-related Cdc42-binding kinase (19) , protein kinase C␣ (20) , and Rhoassociated kinase (ROCK) (21) , phosphorylate the conserved C-terminal threonine in ERM proteins, they have not been shown to mediate growth factor-induced phosphorylation of ERM proteins at lamellipodia.
Because activation of ERM proteins promotes F-actin anchoring to the plasma membrane, their phosphorylation by NIK likely stabilizes extending lamellipodia. However, we predict that NIK also regulates membrane dynamics through mechanisms independent of ERM proteins. MTLn3 cells expressing NIK-D152N, but not ezrin T567A, had constitutive, albeit small, ruffles. Substrates, including NHE1 (24), and possibly gelsolin or cofilin, which are phosphorylated by the closely related kinases TNIK (2) and NRK (4), respectively, might contribute to NIK-dependent membrane protrusion. Additionally, NIK phosphorylation of ERM proteins or other substrates might act coordinately with Nck to promote or stabilize membrane protrusions. Our finding that NIK activity is necessary to phosphorylate ERM proteins in response to EGF and PDGF, but not to thrombin, is consistent with NIK binding to the Src homology 3 domain of Nck (1), an adaptor protein associated with receptor tyrosine kinases, and with Msn binding to DOCK (10) , the Drosophila ortholog of Nck. Nck also binds and activates the Wiskott-Aldrich syndrome protein WASP (35) and the WASP family verprolin homologous protein WAVE (36) , which promote actin assembly by the Arp2͞3 complex and membrane protrusion. Although NIK may act coordinately with Nck to regulate membrane dynamics, its phosphorylation of ERM proteins can occur independently of Nck because truncated NIK 1-321 lacking the C-terminal Nck-binding domain was sufficient to increase phosphorylation of ERM proteins in quiescent cells. Additionally, kinase inactive NIK-D152N did not block activation of ERK1͞ ERK2 by PDGF, suggesting that NIK regulates ERM protein phosphorylation downstream or independently of an ERKmediated pathway, the latter possibility being consistent with NIK acting independently of Nck.
Our findings indicate that activation of ERM proteins by NIK is a cellular mechanism to promote local alterations in cell morphology in response to growth factors. This mechanism is likely important in migrating cells because NIK activity is necessary for growth factor-induced phosphorylation of ERM proteins in lamellipodia. Because activation of NIK (8) and ezrin (37) is implicated in processes related to tumor cell dissemination with aberrant growth factor signaling, a functional interaction between NIK and ERM proteins might play a previously unrecognized role in tumor cell metastasis.
Materials and Methods
Materials and methods for cell culture, transfections, in vitro translation, in vitro kinase and binding assays, immunoblotting, immunolabeling, and immunoprecipitation have been described (8, 24, 25, 33) . All methods are described in detail in Supporting Text, which is published as supporting information on the PNAS web site.
Ad and siRNA Oligonucleotides. To generate NIK and NIK-D152N Ad, full-length WT mouse NIK and NIK-D152N (24) were excised by HindIII͞NotI digestion from pCRII-TOPO, ligated into the same sites in pAD-Track-CMV, and amplified in Escherichia coli XL1-blue. Positive clones were identified by analytical restriction enzyme digestion, and plasmids from these clones were linearized by Pme1 digestion, gel-purified, and used to transform the BJ5183-AD-1 strain of E. coli (Stratagene, La Jolla, CA) carrying the pADEasy-1 plasmid that encodes the Ad-5 genome. Plasmid DNA was purified from kanamycinresistant colonies and analyzed by PacI digestion. 293Ad cells were transfected with recombined pTrack-CMV and pADEasy-1, and 8 days after transfection spreading Ad within the 293Ad cell monolayer was determined by plaque formation and fluorescence of GFP was encoded by pADEasy-1. Ad was collected by repetitive freeze-thaw cycles followed by centrifugation at 12,000 ϫ g for 10 min at 4°C and used for subsequent infection of 293Ad cells. Optimal titers for cell infection reached 90-100% infection after 48 h, determined by GFP fluorescence.
The siRNA oligonucleotide duplex (5Ј-UAA UGA AAG CAC CAU AGU AUG UUG C-3Ј) to rat NIK was synthesized by Invitrogen, Carlsbad, CA (Stealth Select RNAi). Stealth RNAi Negative Control Low GC (low GC content; Invitrogen) was used as a control. siGLO RNA-induced silencing complex-free siRNA (Dharmacon, Lafayette, CO) was used to monitor transfection efficiency. MTLn3 cells were cotransfected with 200 nm NIK or control siRNA and 150 nm siGLO by using Oligofectamine (Invitrogen) according to the manufacturer's protocol. After 48 h cells were replated and maintained in the absence of FBS for 4 h before imaging or harvesting at 72 h posttransfection.
Video Microscopy. MTLn3 cells in six-well plates were placed on a preheated, climate-regulated stage mounted on a Zeiss (Thornwood, NY) Axiovert S-100 microscope. Images were captured every 20 s, beginning 2 min before adding EGF and ending 10 min after adding EGF (25 nM; Invitrogen) by using a Spot CCD camera through a ϫ40 Hoffmann modulation objective and operated with Openlab software. Lamellipodium area was designated as the region from the cell body to the periphery of the plasma membrane. Area calculations performed with Openlab software were made by subtracting the area of the cell body from the total cell area.
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